The complement system plays a critical role in immune responses against pathogens. However, its identity and regulation in the lung are not fully understood. This study aimed to explore the role of tripartite motif protein (TRIM) 72 in regulating complement receptor (CR) of the Ig superfamily (CRIg) in alveolar macrophage (AM) and innate immunity of the lung. Imaging, absorbance quantification, and flow cytometry were used to evaluate in vitro and in vivo AM phagocytosis with normal, or altered, TRIM72 expression. Pulldown, coimmunoprecipitation, and gradient binding assays were applied to examine TRIM72 and CRIg interaction. A pneumonia model was established by intratracheal injection of Pseudomonas aeruginosa. Mortality, lung bacterial burden, and cytokine levels in BAL fluid and lung tissues were examined. Our data show that TRIM72 inhibited CR-mediated phagocytosis, and release of TRIM72 inhibition led to increased AM phagocytosis. Biochemical assays identified CRIg as a binding partner of TRIM72, and TRIM72 inhibited formation of the CRIg-phagosome. Genetic ablation of TRIM72 led to improved pathogen clearance, reduced cytokine storm, and improved survival in murine models of severe pneumonia, specificity of which was confirmed by adoptive transfer of wild-type or TRIM72 KO AMs to AM-depleted TRIM72 KO mice. TRIM72 overexpression promoted bacteria-induced NF-kB activation in murine alveolar macrophage cells. Our data revealed a quiescent, noninflammatory bacterial clearance mechanism in the lung via AM CRIg, which is suppressed by TRIM72. In vivo data suggest that targeted suppression of TRIM72 in AM may be an effective measure to treat fatal pulmonary bacterial infections.
Pulmonary infections are the most common cause of hospitalization, and frequently lead to acute respiratory distress syndrome (1) . Treatment of pulmonary infections has become increasingly challenging due to a burgeoning proportion of immunocompromised patients and the emergence of antibiotic-resistant strains of bacteria (2) , many of which are common lung pathogens, such as Pseudomonas aeruginosa (P.a.). In addition to efforts to develop new antibiotics, elucidating the unrevealed mechanisms of lung host defense is crucial for preventing organ injury and morbidity after severe pulmonary infections. Alveolar macrophages (AMs) are the major sentinel cells of the lung. An initial step of the lung's innate immune response is phagocytosis of the invading pathogens by AMs. This may be mediated by pathogen recognition receptors binding to pathogen-associated molecular patterns, or by recognition of opsonized pathogens by the complement receptors (CR) or Fcg receptors (FcgR) (3, 4) , triggering downstream signals to mediate a wide range of responses, including proinflammatory, noninflammatory, and antiinflammatory (5) . Previous studies suggest that a dynamic cross-talk exists among the various signaling pathways activated by the same pathogen, and balance of this cross-talk determines the efficiency of pathogen clearance and the severity of inflammation during the innate immune response (6, 7) .
In the alveoli, abundant surfactant proteins, members of the collagen-like lectins (collectins), opsonize airborne pathogens and facilitate activation of the complement system via the lectin pathway (8) . Studies found that complement proteins are present in the alveoli, whereas C3b levels were elevated in alveolar lining fluid, from aging mice and humans (9) . The complement pathway has also been shown to be involved in host defense, allergy, and tissue injury of the lung (10) (11) (12) . Receptors for complement fragmentopsonized pathogens (i.e., CRs) mediate the immune effector function of the activated complement system, which is grouped into three families: the short consensus repeat family CR1 and CR2, the b2-integrin family CR3 and CR4, and the CR of the Ig superfamily (CRIg) (4) . Of these CRs, CR2 mainly functions in enhancing B cell immunity (13) , whereas CR3 and CR4 play wide roles in leukocyte trafficking and migration, synapse formation, and costimulation (14) due to their ability to adhere cells to the extracellular matrix. CR-mediated phagocytosis was generally regarded as less robust than FcgRmediated phagocytosis (15) in removing invading pathogens. However, CR1 was shown to play a role in phagocytosis by neutrophils, but not by tissue macrophages (16) . In addition, the CR identified in 2006 (17, 18) , CRIg, was shown to selectively express in tissue macrophages and function to remove C3b or iC3b-opsonized pathogens (17) . Nevertheless, the contribution of CRIg in phagocytosis of AMs and innate immunity of the lung has not been reported.
Our previous studies found that tripartite motif family protein (TRIM) 72 is a critical membrane repair gene for alveolar epithelial cells (19, 20) , and other studies demonstrated that the E3 ligase activity of TRIM72 is involved in tissue development (21) , glucose metabolism (22) , and focal adhesion (23) . Despite a great number of TRIM family members being shown to participate in innate host defense (24, 25) , the biological function of TRIM72 in innate immune response has never been reported before. In this study, we revealed that CRIg is expressed in AMs, and contributes to a noninflammatory type of bacterial phagocytosis. Pulldown and protein-protein binding assays identified an interaction between CRIg and TRIM72. Biochemical and imaging analysis showed that CR phagocytosis, and CRIg-mediated phagosome formation, were inhibited by the presence of TRIM72. Removing TRIM72 inhibition of CRIg through genetic ablation increased resilience to severe pulmonary infections in mice, supporting the substantial potential of the normally quiescent CRIg-mediated bacterial clearance and its overall impact in innate immune defense of the lung.
Methods

Beads and Zymosan Phagocytosis
Primary AMs were incubated with medium containing FITC beads in noninactivated serum (F = 2 mm, 50 beads/cell) or Alexa Fluor 488-Zymosan-A bioParticles (100 particles/cell). After 1 hour, cells were extensively washed and fixed with 4% paraformaldehyde. AMs containing fluorescent beads/particles were counted to determine % phagocytic cells. FITC 1 AMs were also quantified by flow cytometry and counted for phagocytic indexes (number of ingested beads/macrophages) (26) .
FcgR-and CR-mediated Phagocytosis
Lentiviral L309C-or L309C-TRIM72-transduced murine alveolar macrophage cells (MH-S) were seeded in 96-well plates at 10,000 cells/well. After attachment, 100 ml/well 1 3 10 7 /ml IgG-or IgM-opsonized sheep red blood cells (sRBCs) were added to the cell monolayer for 1 hour. Unbound sRBCs were removed with ammoniumchloride-potassium lysis buffer. MH-S cells were then lysed and treated with 50 ml 2,7-diaminofluorene containing 3% hydrogen peroxide and 6 M urea to facilitate hemoglobin-catalyzed fluorene blue formation. Absorbance was measured at 620 nm, and compared with standards. For the phagosome imaging study, human embryonic kidney (HEK) 293 cells were cotransfected with human CRIg (hCRIg)-mCherry plus GFP-human TRIM72 (hTRIM72) or controls, and bare sRBCs or IgM-opsonized sRBCs were incubated with the cells for 10 minutes before imaging.
In Vivo Bacterial Phagocytosis 50 ml of 5 3 10 6 cfu/ml P.a. GFP was intratracheally administered into lungs of anesthetized mice. After 1 hour, BAL fluid (BALF) was pelleted to prepare cytospin slides, which were stained with Kwik diff-staining. GFP 1 AMs were counted using a fluorescent microscope (% phagocytic cells). Differential cell counting was performed for macrophages and neutrophils based on cell morphology (27) .
Pulldown Assay and Gradient Protein-Protein Interaction
His-tagged TRIM72 recombinant protein (bait) was immobilized on HisPur Cobalt resin in a Pierce Pull-Down PolyHis Protein: Protein Interaction Kit, and incubated with 800 ml of deidentified human lung samples (prey) overnight at 4 8 C. The bait-prey complex was eluted, separated on SDS-PAGE, and visualized with silver staining. Positive bands were excised for mass spectrometry protein identification. For gradient protein-protein interaction (28) , equal molar concentrations of maltose binding protein (MBP) or MBP-TRIM72 immobilized on amylose resin was incubated with 0, 1, 2.5, 7.5, or 10 mg His-tagged hCRIg recombinant protein overnight at 4 8 C. After washing, the protein complex was eluted with buffer containing 10 mM maltose. Eluent was separated on SDS-PAGE, transferred to 0.2-mm nitrocellulose membrane, and blotted with anti-CRIg antibody.
Bacterial Pneumonia Models
First, sublethal (2.5 3 10 5 cfu/ml) or lethal (3 3 10 7 cfu/ml) doses of P.a. were injected into wild-type (WT) and TRIM72 KO mice intratracheally (29) . In a separate experiment, 50 ml of clodronate liposomes were injected intratracheally to TRIM72 KO mice to deplete AMs, and adoptive transfer of 1 3 10 6 WT or TRIM72 KO AMs was conducted via endotracheal instillation after 72 hours (30, 31) ; 48 hours later, the mice were challenged with a lethal dose of P.a. Body weight was measured daily. Mortality, lung bacterial burden, and cytokines in ORIGINAL RESEARCH BALF or lung tissue were determined at Day 2 after infection.
Statistical Analysis
All data were analyzed using Origin 6.0 and IBM SPSS Statistics version 25, and presented as mean (6SE). Statistical significance was assumed at P less than 0.05 or P less than 0.005. See the data supplement for details.
Results
CRIg Is a Novel Interacting Partner of TRIM72 in the Lung
To identify novel interacting partners of TRIM72 in the lung, we performed pulldown experiments using His-tagged hTRIM72 recombinant protein as bait, and cryopreserved normal human lung tissues as prey. Pierce cobalt chelate resin His protein pulldown kit was used for on-column bait-prey interaction with reduced nonspecific binding. Pulldown bands from two separate experiments were sent for protein identification ( Figure 1A) . A novel tissue macrophage-specific phagocytic receptor (i.e., CRIg [17, 18] ) was identified in both experiments (along with complement proteins). The interaction between TRIM72 and CRIg was further confirmed by coimmunoprecipitation of GFP-tagged hTRIM72 and human influenza hemagglutinin-tagged hCRIg (hCRIg-HA) in HEK293 cells ( Figure 1B) . Furthermore, we conducted gradient binding assays, using set amounts of MBPtagged recombinant hTRIM72 or MBP as a control, on an amylose column to capture increasing amounts of hCRIg recombinant protein input ( Figure 1C ). Our results suggest specific binding between the two proteins, as CRIg protein was captured by TRIM72 proportionally to the amount of input ( Figure 1C ).
CRIg Expresses in the Lung
It was reported previously that CRIg expresses in tissue macrophages in the liver (17, 18) . To further characterize the expression of CRIg in the lung, we first detected CRIg protein in primary AMs by Western blot. As shown in Figure 2A , a roughly 32-kD CRIg band was detected in AMs from WT lungs, and CRIg expression was not altered by genetic TRIM72 ablation. In addition, Figure 2B showed that expression of TRIM72 and CRIg in neonatal lungs during the first 30 postnatal days increase in parallel, indicating an important role of these two proteins in mature lungs. A roughly 55-kD CRIg band was detected in human lung homogenates ( Figure 2C ). This species difference in CRIg molecular size is likely due to the presence of both a long and a short form of CRIg variant in human tissues, but only a shortform variant in mouse tissues, as reported previously (17) . Furthermore, exposure to P.a. bacteria caused a slight trend of increased CRIg expression (not statistically significant), but no change in TRIM72 expression was observed ( Figure 2D ). The subcellular localization of TRIM72 and CRIg in resting primary AMs was examined by immunostaining. As shown in Figure 2E , TRIM72 and CRIg are present on the plasma membrane and paranuclear regions in primary AMs isolated from human lungs, where partial colocalization of TRIM72 and CRIg was observed.
TRIM72 Regulates CR-mediated Phagocytosis in AMs
To dissect the physiological role of the interaction between TRIM72 and CRIg, we first conducted experiments to examine AM phagocytosis. Indiscriminate opsonized phagocytosis was examined using non-heat-inactivated FBS-coated FITC beads (26) . Our results show that, in the absence of TRIM72, both the phagocytic index and percentage of phagocytic cells were significantly increased as compared with the WT. This was confirmed by both imaging analysis and flow cytometry analysis of FITC 1 AMs ( Figures 3A-3D ). This suggests that TRIM72 plays an inhibitory role in AM phagocytosis. As opsonized phagocytosis may be mediated by either CR or FcgR, we next tested the specificity of TRIM72 inhibition on these two types of receptormediated phagocytosis. Murine AM cell line, MH-S, cells were infected with lentivirus-containing full-length TRIM72 (TRIM72   OE   ) or control viral particles ( Figure 3E ). FcgR-and CR-mediated phagocytosis was examined by quantification of AM-internalized sRBCs that were coated with either anti-sRBC IgG or anti-sRBC IgM, respectively (32) . Our results showed that TRIM72 OE led to a slight reduction in FcgR-mediated phagocytosis, but a more than fivefold decrease in CR-mediated phagocytosis ( Figure 3E ), suggesting that TRIM72 is a preferential inhibitor of CR-mediated phagocytosis. The status of phagocytic pathogen recognition receptor-mediated phagocytosis was examined by ingestion of Alexa Fluor 488-conjugated Zymosan particles by WT and TRIM72 KO AMs. Our data show that this particular phagocytic mechanism was highly active in AMs (78-80% phagocytic cells), which was not affected by TRIM72 ablation (see Figure E1 in the data supplement).
Next, we evaluated the effect of TRIM72 KO on phagocytosis of lung pathogens in vivo after intratracheal instillation of P.a. GFP. The percentage of AMs and neutrophils in BALF at 1 hour after P.a. injection was quantified. As shown in Figures 4A and 4B , a majority of BALF cells were AMs, with some lymphocytes and sparse neutrophils. This was consistent with the timeline of neutrophil recruitment into the airspace after P.a. infection (33, 34) . Nevertheless, we observed an increase in the percentage of phagocytic AMs in TRIM72 KO mice as compared with the WT mice ( Figure 4C ), similar to the in vitro results presented previously here. Because neutrophils are reported as one of the major cell types mediating host immune responses to P.a. infection (35), we sorted neutrophils from the WT lungs using Ly6G as a cell surface marker for neutrophils (36) , and examined TRIM72 expression in these cells ( Figure  E2 ). LPS was administered to the lung for 24 hours to induce substantial neutrophil infiltration into the lung (34) . As seen in Figure E2 , we did not detect any TRIM72 protein in Ly6G 1 cell populations, even in the LPS-treated lungs, so we conclude that TRIM72 does not express in neutrophils, and thus TRIM72 knockout is not likely to affect neutrophil phagocytosis of the injected P.a. bacteria.
TRIM72 Directly Inhibits CRIgmediated Phagosome Formation
It was reported that CRIg phagosome endocytosis, and recycling from and to the plasma membrane, were constitutively active via receptor endocytosis (17, 37) . Because we showed that TRIM72 modulates caveolar endocytosis (20), we therefore examined whether TRIM72 might inhibit the function of CRIg by interfering with its membrane recycling process. Clathrin-mediated endocytosis, the reported endocytic pathway for CRIg recycling, was stimulated by incubating the cells at 37 8 C in primary human AMs, and probed with FITC-transferrin, a specific cargo for the clathrin pathway (20) , followed by coimmunostaining of CRIg and TRIM72. Our results showed that CRIg distribution became highly variable with the stimulation of receptor endocytosis, but no significant amount of CRIg/TRIM72/FITC-transferrin colocalization was observed (except for where transferrin is still bound to the plasma membrane; Figure E3 ), suggesting that TRIM72 might not play a major role in altering CRIg phagosome recycling. However, this still needs to be further confirmed by quantitative measurements (17) . To examine the role of TRIM72 in the effector process of CRIg-mediated phagocytosis, we compared CR-mediated phagocytosis in nonphagocytic HEK293 cells transfected with hCRIg-mCherry with or without cotransfection of GFP-hTRIM72. Figure 5A and Figure 5C demonstrated active phagocytosis of IgM-opsonized sRBCs by hCRIgmCherry-expressing cells, and coating of CRIg on the surface of ingested sRBCs. In contrast, in cells cotransfected with GFPhTRIM72 and hCRIg-mCherry ( Figures 5B  and 5C ), the number of cells that ingested sRBCs was greatly reduced compared with cells with only ectopic CRIg expression. In addition, TRIM72 was seen to localize on CRIg-containing phagocytic processes and around the intracellular phagosomes containing internalized IgM-opsonized sRBC, which were decorated with CRIg ( Figure 5B) . 
TRIM72 Ablation Improves Bacterial Clearance and Survival in P.a. Pneumonia
To test the in vivo effects of altered CRIg phagocytosis as a result of TRIM72 ablation, we used an acute P.a. pneumonia model (29) . When naive WT and TRIM72 KO mice receiving a sublethal dose (2.5 3 10 5 cfu/ml) of PAO1 (a clinical isolate of P.a.), body weight loss of mice started immediately ( Figure 6A ). TRIM72 KO mice showed less weight loss than the WT mice throughout the first 8 days after P.a. injection. Interestingly, when a second dose of PAO1 was administered to these mice, no difference in body weight loss was seen between the WT and TRIM72 KO mice ( Figure E4 ), suggesting that lack of TRIM72 does not affect adaptive immune responses. Mortality of the WT and TRIM72 KO mice was compared using a higher dose of P.a. (1.7-4.2 3 10 7 cfu/ml). Strikingly, at Day 2 after PAO1 injection, all 10 TRIM72 KO mice survived, whereas 5 (50%) of the WT mice died ( Figure 6B ). Quantification of the lung bacterial burden in the five deceased WT mice indicated bacterial dissemination (i.e., higher bacterial loads than the injected dose) in all cases ( Figure 6C ), whereas TRIM72 KO mice had significantly lower lung bacterial burden, showing a good correlation between mortality and bacterial load. This suggests that effective bacterial clearance is responsible for the improved mortality in TRIM72
KO mice. We also tested the levels of cytokines in BALF of the severe P.a. pneumonia mice. In WT mice, P.a. pneumonia induced significant increases in major proinflammatory cytokines, including TNF-a, IL-6, IL-1b, and in IL-10, a feedback antiinflammatory cytokine (38) (Figure 6D ). Total cell numbers in BALF were also increased ( Figure 6D ) in P.a.-injected WT mice compared with noninfected controls, indicating an influx of immune cells into the lung. In contrast, P.a.-injected TRIM72 KO mice had significantly less TNF-a, IL-6, IL-1b, as well as fewer cells in BALF than the P.a.-injected WT mice, whereas the levels of IL-12 and IL-10 were not significantly different.
To examine if AM-specific TRIM72 loss is responsible for the resistance to P.a. pneumonia seen in the global TRIM72 KO mice, we further characterized the above parameters in AM-depleted (39) TRIM72 KO mice that received adoptive transfer of WT or TRIM72 KO AMs (40) . In Figure 6B , all TRIM72 KO mice that received KO AMs survived at Day 2 after a high-dose P.a. injection (open circle), overlapping with the mortality trend of the TRIM72 KO mice without adoptive transfer of AMs. In contrast, TRIM72 KO mice receiving WT AMs had a survival rate of 66.7% at Day 1 and 50% at Day 2 after P.a. injection, highly similar to that of the WT mice without adoptive transfer of AMs (open square, Figure 6B ). Consistently, lung bacterial burdens of the TRIM72 KO mice receiving KO AMs (open circle, Figure 6C ) were significantly lower than those that received WT AMs (open square, Figure 6C ). We also measured lung tissue cytokine levels in these two groups of mice and found that TRIM72 KO mice receiving KO AMs had significantly lower levels of IL-6 and IL-1b than the TRIM72 KO mice receiving WT AMs ( Figure 6E) . Collectively, these data show that AM-specific TRIM72 ablation is responsible for the enhanced P.a. clearance from the lung and improved mouse survival in the P.a. pneumonia model, without substantially increasing proinflammatory cytokine production.
TRIM72 Overexpression Enhances NF-kB Activation
NF-kB acts as a master switch for the effector mechanisms of innate immune responses (41) , and phosphorylation and nuclear translocation of the canonical p50/p65 heterodimer of NF-kB are associated with increased transcription of proinflammatory cytokine genes and cytokine secretion (42) . To test if altered TRIM72 expression changes NF-kB activation, we first conducted lentivirusmediated TRIM72 overexpression in MH-S cells, and then measured the ratio of p50 to its inactive precursor, p105, as well as the ratio of phosphorylated p65 to total cellular p65 upon exposure of the cells to P.a. (Figure 7A) . A more than fourfold increase in p65 phosphorylation was observed in TRIM72 OE MH-S cells as compared with controls ( Figures 7A and 7B) , echoing the reduced cytokine production seen in TRIM72 KO mice. The essential roles of TRIM72 in mediating effector functions of the innate immunity were summarized in Figure 7C . This shows that the presence of TRIM72 on AMs keeps macrophagespecific phagocytic receptor CRIg quiescent, and that the relatively higher bacterial loads as a result of TRIM72-mediated CRIg phagocytosis suppression leads to enhanced activation of the inflammatory switch, NF-kB ( Figure 7C ).
Discussion
In this study, we describe a novel mechanism through which CRIg in AMs is able to mediate a noninflammatory type of phagocytosis, and potentially contribute to innate immune responses against bacterial pneumonia. We found that the expression of TRIM72 on AMs, a previously identified plasma membrane repair molecule for alveolar epithelial cells, represents a newly discovered regulatory mechanism of this normally quiescent, but effective, complement system-mediated pathogen removal mechanism in the lung.
Complement proteins abundantly present in the bloodstream, and their classic roles in removing circulating pathogens, are well known. The complement system may be activated via the alternative pathway through spontaneous C3 hydrolysis to quickly opsonize small amounts of circulating pathogens and possibly contribute to tissue injuries (43) , or via the antibody-mediated classical pathway, to further amplify the adaptive immune responses (44) . In addition, the complement system may also be activated via the lectin pathway, but the physiological significance of this complement activation pathway is less clear. The distinct tissue distribution pattern of many lectins (45) , for example, its abundant presence in the lung, suggests a possible role of the complement in the maintenance of tissue homeostasis.
Paradoxically, both deficiency of complement components and loss of function mutations in inhibitors of the complement system are associated with tissue injury and autoimmune diseases in human and murine models (43, 44) . Therefore, specific regulatory mechanisms of the complement pathway in tissues need further in-depth investigation.
In the lungs, of the five CRs expressed on innate immune cells, AMs express CR4 (CD18/CD11c) (46) , but no appreciable amounts of CR1-3 (47). Helmy and colleagues (17) state that CRIg is expressed in human AMs, although they did not show their data. Our results in this study confirm CRIg expression in both human and mouse AMs (Figure 2 ). Previous studies suggest that CRIg plays a critical role in macrophage phagocytosis in the liver and intestine (17, 48) . The ability of CRIg to directly recognize bacterial pathogen-associated molecular patterns, such as lipoteichoic acid (49), may enhance its capturing of circulating bacteria. In addition, studies show that CRIg elicits an inhibitory role on adaptive immune responses (4, 18, 48, 50) , but the intracellular killing of pathogens after CRIg-mediated phagocytosis is not reduced (51) . In fact, an engineered soluble form of CRIg can inhibit the alternative pathway, and ameliorate inflammation and tissue destruction due to excessive inflammation in animal models of arthritis, lupus nephritis, and cutaneous disease (52, 53) , suggesting that CRIg largely mediates noninflammatory immune responses.
Despite the fact that nonspecific complement-mediated phagocytosis was generally regarded as less efficient than antibody-specific FcgR-mediated phagocytosis (15), we highlighted the importance of CR in pathogen clearance and lung host defense in the present study. As a potential inhibitor of CRIg, TRIM72 physically interacts with CRIg (Figure 1) , resulting in suppression of CRIg-mediated phagocytosis (Figures 3-5 ). Most importantly, using a P.a. pneumonia mortality model, we observed a low inflammatory phenotype, yet dramatic improvement in bacteria clearance and mortality when TRIM72 inhibition of CRIg was removed ( Figure 6 ). This indicates a significant contribution of the CRIg and TRIM72 interaction in determining the outcome of severe pulmonary infections through a balance ; n = 3, *P , 0.05 compared with WT. (C) Working model for the role of TRIM72 in regulating bacterial phagocytosis and inflammation. Upon bacteria invasion, complement in the lung opsonizes bacteria, which binds to CRIg on the surface of AMs. This initiates phagocytosis and pathogen clearance, whereas bacterial components (e.g., LPS) activate Toll-like receptor (TLR) 4 and NF-kB heterodimer p50/p65. TRIM72 is a binding partner of CRIg on AMs that inhibits this process, which prefers bacterial accumulation and production of inflammatory cytokines. Data are presented as mean (6SE).
between pathogen clearance and proinflammatory tissue injury. However, we didn't characterize if TRIM72 interacts with CR4, nor do we have access to CRIg 2/2 mice, so the possible contribution of another CRIg-independent pathways for TRIM72 regulation of CR phagocytosis is yet to be confirmed. In addition, although a previous report suggests that neutrophils are a major innate immune cell type fighting P.a. infection (35) , we believe that TRIM72 does not regulate neutrophil function, because it is not expressed in Ly6G 1 cells. As AM phagocytosis of invading pathogens occurred earlier than any significant amount of neutrophil recruitment to the airspace (Figure 4) , up-regulated AM phagocytosis after TRIM72 ablation and reduced cytokine production should have reduced the need for a substantial amount of neutrophil infiltration into the lung ( Figure 6D ), which was known to cause subsequent tissue injury (54) .
Our data also show that, when TRIM72 is overexpressed, receptor-medicated phagocytosis is suppressed ( Figure 3E ), and bacterial exposure leads to increased activation of the p65 subunit of NF-kB. The overall role of CRIg/TRIM72 interaction in AMs is illustrated in Figure 7C , highlighting a novel immunomodulatory role of TRIM72 in shifting the innate immunity equilibrium toward the proinflammatory direction by inhibiting CRIg-mediated bacterial clearance, and maintaining activation of the proinflammatory pathway upon pathogen invasion.
TRIM family proteins contain a conserved RING, B-box, and coiled-coil motif at the N terminus, with a variable SPRY domain at the C terminus to distinguish specific isoforms (24) . Functions of many TRIM proteins are dictated by the intrinsic E3 ligase activity on their RING domains. However, a few important functions of some TRIM proteins are not related to their E3 ligase activity, such as membrane repair (55) and acid secretion (56) . Here, we did not find evidence of CRIg E3 ligase degradation by TRIM72, because a parallel increase in the two proteins' expression was seen in developing lungs, and yet no CRIg up-regulation was seen in TRIM72 KO AMs (Figure 2) . Interestingly, previous studies have reported the formation of an IgG binding pocket in the PRY-SPRY domain of TRIM proteins (57) that are involved in immune responses against viruses (58), including TRIM21 (Ro52), TRIM5a, and TRIM20 (pyrin). Park and colleagues (59) revealed a great similarity in the crystalline structure of the PRY-SPRY domains of TRIM72 and TRIM21. Collectively, this may provide a structural basis for direct TRIM72 and CRIg interaction, as the latter is known to contain Ig-like domains (17) .
The evolutionary rationale for the immune cell to possess such an inhibitory mechanism for CRIg is an interesting aspect to consider. We previously showed that TRIM72 expression in alveolar epithelial cells is essential for successful repair of plasma membrane injury (19, 20) . One possibility is that CRIg activation may be enhanced in TRIM72-defective tissues that are prone to cellular damage. This would allow debris to be quickly removed via CRIg activity without excessive inflammatory responses when tissue damage occurs. Our data in this study show that TRIM72 may be able to play a central role in mediating these processes.
In summary, we reveal an important role of CRIg in host defense of the lung against pulmonary infections and a novel regulatory mechanism for CRIg. We show that TRIM72 is a direct interacting partner of CRIg and an inhibitor of its function. This interaction determines the status of cytokine storm, pathogen clearance and mortality in vivo. Our study suggests that targeted suppression of TRIM72 or stimulation of CRIg in AMs may be valuable new measures for the treatment of severe pulmonary infections. n Author disclosures are available with the text of this article at www.atsjournals.org.
